A compact device that splits a surface plasmon beam by using double triangular prisms coated on a metal surface is proposed. Due to the photon tunneling effect of the evanescent plasmon mode between the two plasmonic prisms, the incident plasmon beam from one plasmonic prism can be partially transmitted to the other, resulting in the splitting of the plasmon beam. Theoretical study and simulation results for the power dividing ratio of the device are in good agreement with the experimental demonstration. It is believed that the results show their great potential for the realization of the plasmonic interferometer system. © 2010 American Institute of Physics. ͓doi:10.1063/1.3496012͔
The recent trend to develop highly integrated optical systems demands various nano-optical devices which can control the light source at the nanometer scales. The surface plasmon polaritons ͑SPPs͒, quasiparticles resulting from the interaction between the collective electron oscillations in a metal surface and the electromagnetic wave, 1 are not constrained by the conventional diffraction limit related with the free-space wavelength, so that the SPP-based optical devices may allow for the highly integrated optical systems. Since the excitation of the SPP mode along the thin metal film 2 and a few micrometer-wide metal stripes 3, 4 was reported, various manipulating techniques have been proposed, such as the focusing 5, 6 and the generating vortex 7 with the SPP source. SPP-based interferometer systems are also demanding for the subwavelength optical nanolithography 8 and biosensing 9, 10 for their miniaturization and improving the coherence. To realize the SPP-based interferometer system, various types of plasmonic beam splitters have been proposed by using the chain of nanoparticles, 11 nanoarrays, 12 nanogratings, 13 and the Bragg mirror comprised of gold nanoparticles. 4 However, reflecting and splitting the SPP via the nanoparticles inevitably generate the scattering of the SPP which involves the scattering losses in coupling to the far field mode. In order to avoid this scattering loss, it was proposed to use the floated 14 or contacted 15, 16 dielectric structure for manipulating the SPPs. In addition, the Bragg mirror-based beam splitter cannot provide the predictable beam splitting ratio since the splitting ratio is decided by the discrete number of nanoparticle arrays. In this letter, we present a compact device that splits the surface plasmon beam by using the double dielectric prism patterned on the thin metal film. The device is advantageous in the highly predictable and sensitive beam splitting ratio since the principle is based on the photon tunneling effect between two dielectric prisms.
The plasmonic beam splitter is composed of two thin polymer prisms with a right-angle triangle shape deposited on the metal surface as shown in Fig. 1 . The fabrication process follows the following sequential steps. First, the 300-nm-thick silver film is deposited on the glass substrate by using the electron beam evaporator ͑KVT, KVE-3004͒. After that, the 200-nm-thick polymethylmetacrylate ͑PMMA͒ layer is spin-coated with 4000 rpm for 40 s. Next, the shape of prism is carved by the electron beam lithography process ͑JEOL, JBX-6300FS͒. We use the PMMA layer for positive photoresist material to print only the prism layer directly. Finally, the unidirectional nanoslit coupler, 17 which can excite the SPP efficiently, is fabricated next to the prisms by using the focused ion beam ͑FEI, Quanta 200 3D͒. Figure  2͑a͒ shows the scanning electron microscopy ͑SEM͒ image of the described plasmonic beam splitter. The x and y directional length of the polymer prism edge is identically 10 m, which makes the angle of the prism 45°. The gap width between two polymer prisms ͑t gap ͒ is defined as the orthogonal distance between the hypotenuses of each prism. The t gap is varied from 100 to 500 nm in 50 nm increments in order to examine the dependence of splitting ratio of the plasmonic beam on t gap .
The sample is illuminated from the backside by the laser source with the wavelength of 633 nm through an objective lens. The SPP signal is measured by the near-field scanning optical microscopy ͑NSOM͒ ͑Nanonics, Multiview 4000͒. The near field intensity distribution of the plasmonic beam splitter is shown in is tapping over the sample and touches it with the frequency of 30-40 kHz. The distance of the probe from the sample can be up to 50-100 nm.
In numerical studies, we investigate the reflection and transmission properties of the device with the simplified model by considering only the oblique incidence of the SPP beam propagating along the interface of the metaldielectric-air region toward the prism gap. This is based on the fact that the effect of multiple reflections of the SPP beam is negligible as shown below. The overall reflection ͑r bs ͒ and transmission ͑t bs ͒ coefficients of the beam splitter structure can be expressed as 18 when the index difference is sufficiently low. From the Eqs. ͑1͒ and ͑2͒, it is shown that the relative values of the r bs and t bs are dominantly proportional to the r ob and t ob , respectively.
To understand the photon tunneling effect occurring in the gap between two plasmonic prisms, we examined the property of the plasmonic beam for the oblique incidence case by using the rigorous coupled wave analysis ͑RCWA͒ method, 19 which is advantageous in evaluating the coupling coefficients of eigenmodes separately. By using this method, we can extract the reflected ͑R͒, transmitted ͑T͒, forwardly scattered ͑S T ͒, and backwardly scattered ͑S R ͒ power of SPP mode when the SPP mode is obliquely incident from the metal-dielectric-air region to the metal-air region, varying in the incident angle. The result is shown in Fig. 3͑a͒ . The steep increase in reflection is shown near the critical angle, accounted by effective refractive index of two SPP modes. Unlike the total internal reflection ͑TIR͒ of the plane wave, the reflection cannot be 100% due to the scattering loss. However, similar quasi-TIR effect is shown when the incident angle is larger than the critical angle accounted by two SPP modes. In this region, the transmitted and forwardly scattered power becomes zero and the sum of the reflected and backwardly scattered power becomes 100%. The magnetic field intensity along the cross section perpendicular to the abrupt interface with the incident angle of 45°is shown in Fig. 3͑b͒ . The SPP mode cannot propagate but exponentially decays in the metal-air interface. Since the tail of the evanescent plasmon mode is about the order of wavelength, in the presence of the second prism, the evanescent SPP mode can be tunneled to the propagating mode of the second prism when two prisms face each other closely.
The tunneling characteristic at the plasmonic nanogap is shown in Fig. 4͑a͒ . In this case, we fixed the incident angle as 45°, which is the same condition as our experiments and is larger than the critical angle. By increasing the t gap , tunneling power is rapidly decreasing and finally the reflection converges to the single abrupt layer case, as described in Fig.  3͑a͒ . Multiple reflections change the half-splitting gap width only a few nanometers, so it does not significantly affect the splitting characteristics. Figure 4͑b͒ shows the magnetic field intensity distribution for the case of 150 nm t gap and 200 nm thickness of dielectric region. The weak modulation of intensity inside the second prism is due to the interference between the fundamental mode and second-order mode generated in metal-dielectric-air layers. This second-order mode that induces the signal distortion can be clearly removed by choosing the appropriate thickness of dielectric. Figure 4͑c͒ shows the field distribution for 150 nm thickness of dielectric region. Only the fundamental mode is coupled to the second prism, and the interference pattern is hence not shown.
The frequency response of the proposed structure is also simulated ͑not shown͒. For the t gap of 150 nm and the wave- length of 640 nm, the ratio = ͉r ob ͉ 2 / ͉t ob ͉ 2 is 1.0, i.e., the half-splitting occurs. is decreased from 1.08 to 0.90 as the wavelength increases from 628 to 658 nm. This results show that the structure can also be applied for adequate broadband signals.
In conclusion, we proposed the compact plasmonic beam splitter device which can split the plasmon beam very sensitively. The device is composed of the double polymer prisms on the thin silver film and it operates by the photon tunneling effect induced at the prism gap. The suggested beam splitter model predicted the beam splitting ratio highly sensitive to the gap width, and the splitting phenomenon based on the photon tunneling effect provides the finely controllable splitting ratio, verified by RCWA simulation and experiment simultaneously. These results can be applied to the realization of the plasmonic interferometer system and integrated photonic multiport devices. FIG. 4 . ͑Color online͒ ͑a͒ Simulated and experimentally demonstrated reflection and transmission characteristics with the variation in gap width. The solid lines show the case of considering only the oblique interface, whereas the dashed lines are the plot modeled by Eqs. ͑1͒ and ͑2͒. The error bars are from the experimental results, which show the reflected and transmitted power normalized by the sum of them. ͑b͒ Magnetic field intensity distribution of multimode case and ͑c͒ that of the single mode case.
